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ABSTRACT 
The arrangement of atoms i n  c rys t a l l i ne  materials is  discussed with ref- 
The e f f e c t  of atomic s t ruc -  erence t o  l a t t i c e ,  planes and c r y s t a l  s t ruc ture .  
t u r e  is  considered i n  terms of i t s  influence on mechanical proper t ies  with 
p a r t i c u l a r  emphasis on those r e l a t ed  t o  f r i c t i o n ,  namely deformation and 
shear ,  F r i c t ion  data are presented f o r  body centered cubic, face  centered 
cubic and hexagonal metals, as w e l l  as f o r  c r y s t a l s  o f  inorganic compounds. 
The da ta  were pr imari ly  obtained i n  a vacuum environment where t h e  e f f e c t s  o f  
material s t ruc tu re  on f r i c t i o n  could be measured without t h e  presence of 
contaminating surface f i l m s .  The f r i c t i o n  r e s u l t s  presented a r e  f o r  various 
planes and f o r  various d i rec t ions  on the  planes of s ing le  c rys t a l s .  
a l so  presented t o  show t h e  r e l a t i o n  o f  observation with s ing le  c r y s t a l s  t o  
Data a re  
those with polycrys ta l l ine  materials. The data ind ica te  t h a t  f r i c t i o n  is  
aniso t ropic  and is  general ly  lowest on t h e  g rea t e s t  atomic dens i ty  planes 
of c r y s t a l l i n e  mater ia ls  when s l i d i n g  i n  t h e  d i r ec t ion  o f  most c lose ly  packed 
planes.  
pounds a s  w e l l  as f o r  various c rys t a l  forms of metals. 
This r e l a t i o n  appears t o  hold f o r  many c r y s t a l s  o f  inorganic com- 
Crystal  s t ruc tu re ,  
r e c r y s t a l l i z a t i o n  and surface tex tur ing  as w e l l  as ordering of atoms i n  a l loys  
are a l l  shown t o  exer t  an influence on f r i c t i o n .  
TM X-52279 
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INTRODUCTION 
In  recent  years,  considerable research has been conducted i n  t h e  f i e l d  
of f r i c t i o n  and wear with s ing le  c rys ta l s .  Single c r y s t a l s  o f f e r  a n  advantage 
i n  t h a t  t h e  influence o f  p roper t ies  normally associated with planes and d i rec-  
t i o n s  i n  the  c r y s t a l  can be s tudied more eas i ly .  Propert ies  such as atomic 
densi ty ,  spacing of atomic planes,influence of imperfections, surface energy, 
modulus of e l a s t i c i t y  and hardness a r e  a l l  related t o  c r y s t a l  o r ien ta t ion .  
While observations with s ing le  c r y s t a l  cannot be r e l a t e d  d i r e c t l y  t o  those 
with polycrys ta l l ine  engineering materials,  they can furn ish  a closer  i n s igh t  
i n to  t h e  fundamental or atomic nature of t h e  f r i c t i o n  and wear process. Fur- 
t he r ,  s ing le  c r y s t a l s  a r e  cur ren t ly  being considered f o r  engineering appl ica-  
t i o n s  (ref. 1). 
i o  
Fr ic t ion  and deformation s tudies  have been made by many inves t iga tors  
with a wide v a r i e t y  o f  s ing le  c r y s t a l  materials. 
with a number of meta l l ic  s t ruc tures .  
cubic metals, copper (2 ,  3 and 4) and brass (5) ;  ( b )  t h e  body centered cubic 
metals, i ron  (5) and tungsten (6)  and ( c )  t h e  hexagonal metals, cobal t  ( 7 ) ,  
beryll ium ( a ) ,  rhenium ( 9 )  and t i tanium (10). 
f r i c t i o n  process has been determined for  a v a r i e t y  of sa l t  s t ruc tures  (MgO, 
(11) LiF, N a C l  e t c .  ( 5 ) )  a s  wel l  as  f o r  some of t h e  most wear r e s i s t a n t  mater- 
ia ls  such as sapphire (12, 13, 14, and 15) and diamond (16, 17, and 18). 
Studies  have been conducted 
These includes (a) t h e  face  centered 
The an iso t ropic  nature of t h e  
I 
Although considerable e f f o r t  has been put f o r t h  i n  determining t h e  f r i c -  
t i o n  behavior of s ing le  c r y s t a l s  on a va r i e ty  o f  crystal lographic  planes and 
i n  var ious  d i rec t ions ,  no systematic study has been conducted t o  determine 
t h e  r e l a t i o n s  of these  observations t o  more fundamental propert ies .  This has 
. 
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r e su l t ed  i n  somewhat i so la ted  r e s u l t s  reported by various inves t iga tors ,  These 
independent s tudies  have concerned themselves most f requent ly  with t h e  inf lu-  
ence of s l i d i n g  i n  a pa r t i cu la r  d i rec t ion  on a spec i f i c  plane t o  f r i c t i o n  and 
deformation. 
The objec t ive  of t h i s  invest igat ion w a s  t o  examine f r i c t i o n  behavior f o r  
s ing le  c r y s t a l  mater ia ls  and t o  attempt t o  relate these  data t o  fundamental 
propert ies  such as; (1) atomic dens i ty  o f  planes ( 2 )  spacing between planes, 
(3) surface energy ( 4 )  e l a s t i c i t y  of planes and (5) hardness. 
from various sources a s  w e l l  as t h e  authors work. The range of conditions 
(load, speed, temperature e t c . )  i n  these s tud ies  d i d  not span a w i d e  range be- 
cause of t h e  necess i ty  of avoiding excessive i n t e r f a c i a l  heat ing which could 
cause r e c r y s t a l l i z a t i o n  o r  surface textur ing.  
materials were i n  s l i d i n g  contact with themselves while i n  others  they were 
i n  contact  with a diamond o r  sapphire s l i d e r .  
BACKGROUND 
Data were taken 
In  some of t h e  da ta  presented, 
When the  atomic theor ies  were f i r s t  used t o  ca lcu la te  t he  s t rengths  of 
materials on a t h e r o e t i c a l  basis, very marked discrepancies ex is ted  between 
ca lcu la ted  and measured s t rengths .  The r a t i o  of measured y i e ld  s t rengths  t o  
t h e o r e t i c a l  values f o r  t he  body centered cubic form of t i tanium was 0.35 and 
f o r  t h e  hexagonal metal beryll ium 0.03. The marked differences between tal- 
c culated and observed values, as indicated by t h e  r a t i o s ,  are associated with 
t h e  presence of imperfections (poin t  defects such as vacancies but  p r inc ipa l ly  
t o  d i s loca t ions )  i n  real  c rys t a l s .  When real  c r y s t a l s  are s t ressed ,  s l i p  w i l l  
occur (when t h e  c r i t i c a l  resolved shear s t r e s s  i s  exceeded) i n  the  c rys t a l s  
a long w e l l  defined crystal lographic  planes. The presence of and generation 
of  d i s loca t ions  on t h e  planes permit yielding w e l l  below the  calculated s t rengths .  
.l 
. 
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In  the  f r i c t i o n  and deformation process, ye i ld ing  and shear s t rengths  a r e  o f  
concern (y ie ld ing  with respect  t o  establishment of t h e  t r u e  contact a rea  and 
shear i n  determining f r i c t i o n  force) ;  d i s loca t ions  and s l i p  behavior must 
therefore ,  be of concern i n  f r i c t i o n  s tud ie s .  Table I summarizes t h e  c rys t a l -  
lographic planes along which deformation w i l l  occur fo r  various s t ruc tu re  and 
bond types. The s l i p  planes a r e  usual ly  the  atomically most densly packed 
planes (rock sal t  s t ruc tu re  i s  an exception) which are a l s o  usua l ly  the  most 
widely separated.  A higher shear stress is  required t o  i n i t i a t e  s l i p  on planes 
o f  lower atomic packing density.  When s l i p  occurs, it w i l l  usual ly  occur 
along t h e  d i rec t ions  o f  t h e  c loses t  packing of atomic planes.  
Some planes and d i r ec t ions  of t h e  three  moSt commonly encountered metal- 
l i c  s t r u c t u r e s  are presented i n  Fig. 1. Examination of  Table 1 ind ica t e  t h a t ,  
f o r  face  centered cubic metals, there  a re  four  s l i p  planes and th ree  direc-  
t i o n s  o r  twelve possible  s l i p  systems. With t h e  body centered cubic there  
a r e  for ty-e ight  possible  s l i p  systems. It i s  i n t e r e s t i n g  t o  note t h a t  the  
close packed hexagonal s t ruc tu re  exhib i t ing  basa l  s l i p  have only th ree  s l i p  
systems (Table 1). 
The grea te r  t he  number o f  s l i p  systems the  e a s i e r  it is  t o  i n i t i a t e  
p l a s t i c  deformation because o f  t h e  greater  probabi l i ty  t h a t  some of t h e  s l i p  
systems w i l l  be favorably or iented f o r  s l i p .  With a l a rge  number os  s l i p  
a systems, however, t h e  i s  a grea te r  tendency t o  work-harden because of t he  
i n t e r s e c t i o n  o f  s l i p  plane and s l i p  plane d is loca t ions  impeding fu r the r  s l i p .  
This  work hardening increases  t h e  shear s t rength  of junct ion formed i n  s l id ing .  
Hexagonal metals exhib i t ing  basa l  s l i p  have, i n  t h e i r  s ing le  c r y s t a l l i n e  form, 
t h e  least tendency t o  work-harden. 
c 5 
For t h e  meta l l ic  s t ruc tures ,  yielding could be expected t o  occur l e a s t  
r ead i ly  normal t o  basa l  planes of t he  hexagonal s t ruc tu re  f o r  a given stress. 
For example, the  metal beryll ium can be stressed i n  t h i s  d i r ec t ion  u n t i l  t he  
c r y s t a l  explodes with no evidence of s l i p  along other  planes. 
a b i l i t y  t o  deform can be expected t o  l i m i t  t h e  t r u e  contact area.  Further 
s ince  they do not workharden very readi ly ,  t he  shear s t rength  ( the re fo re  
f r i c t i o n  force)  should not increase markedly with s l id ing .  
This l i m i t e d  
I n  Table I are a l so  presented t h e  s l i p  planes, d i r ec t ions  and systems 
f o r  c r y s t a l s  having ion ic  and covalent s t ruc tures .  The rock sal t  s t ruc tu res  
are t y p i c a l l y  cubic ion ic  compounds while t he  ion ic  rhombohedral s t ruc tu re  
of aluminum oxide allows it t o  behave in  t h e  region of p l a s t i c  deformation i n  
a manner very analogous t o  hexagonal metals. 
APPARATUS 
The apparatus used i n  t h i s  inves t iga t ion  i s  shown i n  Fig. 2. The bas i c  
1 
2 
elements of t he  apparatus were t h e  specimens (a 2--in.-diam. f l a t  disk and 
a -- in.-rad.  r ider)  mounted i n  a vacuum chamber. The disk specimen w a s  
driven by two 20-pole magnets 0.150 inch apa r t  with a 0.030-inch diaphragm 
between magnet faces.  
w a s  coupled t o  a hydraulic motor o r  small instrument motor f o r  slow speed 
experiments. The second magnet w a s  completely covered with a nickel-al loy 
housing and w a s  mounted on one end of t he  sha f t  within t h e  chamber ( f i g .  1). 
The end of the  sha f t  t h a t  w a s  opposite t h e  magnet held t h e  d isk  specimen. 
3 
16 
The d r ive r  magnet t h a t  was outs ide t h e  vacuum system 
The r ider  specimen w a s  supported i n  t h e  specimen chamber by an arm t h a t  
w a s  mounted by gimbals and bellows t o  t h e  chamber. 
of t h e  r e t a i n i n g  arm, away from t h e  rider specimen, w a s  connected t o  a s t r a i n -  
A l inkage a t  t h e  end 
a. 6 
The assembly was used t o  measure f r i c t i o n a l  force.  gage assembly. 
applied through a dead-weight loading system. 
Load was 
Attached t o  t h e  lower end o f  t he  specimen chamber was a 500-l i ter-per  
second ioniza t ion  pump and a sorpt ion pump. The pressure i n  t h e  chamber was 
measured adjacent t o  the  specimen with a cold cathode ion iza t ion  gage. 
t he  same plane as t h e  specimens and ionizat ion gage w a s  a diatron-type mass 
spectkometer (not  shown i n  f i g .  1) f o r  determination of gases presented i n  
t h e  vacuum system. 
tubing w a s  used f o r  liquid-helium cryopumping of t he  vacuum system. 
In 
A 20-foot-long stainless steel  c o i l  of 5/16-inch-diameter 
In  experiments where ex terna l  heating of t he  specimens w a s  required,  an 
e lec t ron  gun w a s  used ( f i g .  2 ) .  Athermocouple w a s  inser ted  i n  t h e  r i d e r  and 
t h e  bulk specimen temperature recorded. 
face  temperatures. 
No attempt w a s  made t o  record i n t e r -  
EXPERIMENTAL PROCEDURE 
The polycrys ta l l ine  d isk  and r i d e r  specimens used i n  t h i s  study were 
machined t o  s i z e  and electropol ished.  
a lcohol  before inser t ion  in to  the  vacuum chamber. 
hemispherically t ipped by spark discharge machining. 
and o r i en ta t ions  were then determined using the  h u e  back-ref lect ion X-ray 
technique. They were mounted i n  t h e  specimen holder, o r i en ta t ion  rechecked 
and f i n a l l y  r insed  with acetone and alcohol p r io r  t o  in se r t ion  i n t o  t h e  
vacuum chamber. 
i n s e r t i o n  of t he  specimens. 
vacsorption pumps and f i n a l l y  with ion pumps. 
bakeout, t h e  specimen surfaces were cleaned with an e lec t ron  gun. 
They were than r insed  i n  acetone and 
The s ing le  c r y s t a l s  were 
They were electropol ished 
The vacuum system was purged with dry ni t rogen gas after 
The chamber w a s  then evacuated, f irst ,  with 
A f t e r  an overnight chamber 
Suff ic ien t  
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energy could be obtained with the  electron bombardment t o  evaporate t h e  sur- 
face  layer  of most metals. After t he  specimens were cooled t o  room temper- 
a ture ,  l i q u i d  helium cryopumping was then i n i t i a t e d .  When t h e  system w a s  a t  
operat ing pressure,  t he  only gases which could be detected by t h e  mass spec- 
trometer were hydrogen and helium. 
RESULTS AND DISCUSSION 
Metal l ic  Bonding 
Face centered cubic s t ruc tures .  - The r e s u l t s  obtained i n  R e f .  3 indicated 
t h e  f r i c t i o n  cha rac t e r i s t i c s  of copper t o  be highly anisotropic .  In t h a t  
inves t iga t ion  ( 3 ) ,  it w a s  found t h a t  f r i c t i o n  coe f f i c i en t  w a s  h ighly dependent 
on s l i p  plane and s l i p  plane d i rec t ion .  The experiments were conducted i n  
a i r  with a diamond o r  sapphire s t y l u s  s l i d i n g  on t h e  c r y s t a l  surface.  The de- 
formation of t h e  s o f t  copper played a s ign i f i can t  r o l e  i n  the  observed f r i c -  
t i o n  behavior. 
F r i c t i o n  experiments were conducted by t h e  author with s ing le  c r y s t a l s  
of co3per s l i d i n g  on s ing le  c r y s t a l s  of copper i n  a i r  and vacuum. The planes 
and d i r ec t ions  across  t h e  in t e r f ace  were matched t o  one another. The f r i c t i o n  
r e s u l t s  obtained on th ree  planes a r e  presented i n  Table 11. It i s  i n t e r e s t i n g  
t o  note t h a t  t h e  lowest f r i c t i o n  (ei ther  with contaminant surface films 
present  o r  with clean surfaces  i n  vacuum) were obtained with preferred s l i p  
planes (see Table I) f o r  face centered cubic metals. These planes are, t h e  
g r e a t e s t  atomic dens i ty  planes and possess t h e  g rea t e s t  spacing between planes. 
It might be an t ic ipa ted  t h a t  t h e  g rea t e s t  atomic dens i ty  planes would 
o f f e r  t h e  g rea t e s t  r e s i s t ance  t o  deformation. Examination of Table I1 indi -  
ca t e s  t h a t  t h e  (111) plane does exhib i t  t h e  highest  e l a s t i c  modulus. Further,  
a 
because of the larger spacing between planes, shear can be expected to occur 
more readily between planes. With sliding, however, work hardening will occur 
and this will influence shear and friction. 
the three planes of Table I1 are [111] > [loo] > [110] (ref. 19). 
The rate of work hardening for 
Since friction involves interfacial energy and is somewhat dependent upon 
Sur- 
These energies 
it, a relation between surface energy and friction would be anticipated. 
face energies are presented in Table I1 for two of the planes. 
were obtained from Ref. 20. 
might be anticipated. It would appear from atomic bonding considerations that 
the greatest atomic density and preferred slip planes (111) should exhibit the 
least surface energy. Reference 21 also indicate that this should be the case. 
The author of reference 22, however, obtains a reverse relation. Because of 
the difficulty in measuring solid ,&face energies and including all the 
necessary parameters in calculations it is difficult to obtain good energy 
values. 
highest density planes would have the lowest surface energies. 
real significance of surface energy may be lost because of the presence of 
surface contaminants. In vacuum, when two clean metallic crystal surfaces 
are brought into contact the adhesion of the surfaces at the interface alters 
energy considerations. When complete adhesion occurs across an interface, the 
interface may be considered to be analogous to a twin or grain boundary 
(assuming some mismatch in orientations). 
own characteristic energy which may be considerably different from that of 
the two crystals. This energy may well be more a function of mismatch in 
The energies appear to be in the order to what 
From the atomic nature of surfaces, it might be anticipated that the 
In air, the 
The interface will then have its 
. 
planes within t h e  face  centered cubic metals, t he re  are atomic dens i ty  va r i -  
a t ions  on planes. For example, f o r  t h e  face  centered cubic metal copper, t h e  
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c r y s t a l l i t e  o r i en ta t ions  (as it is  f o r  grain boundaries) than parent surface 
energies.  O f  g rea te r  s ign i f icance  under t h i s  condition would be t h e  c r y s t a l  
l a t t i c e  energy a t  t h e  in te r face .  I 
d i rec t ion  on the  (100) plane and, i f  f r i c t i o n  is  influenced by s l i d i n g  d i rec-  I 
I t i o n  on a plane, it might be expected t h a t  t h i s  d i r ec t ion  would exhib i t  t h e  
lowest f r i c t i o n  coef f ic ien t .  
face  of copper (ref. 2 )  did i n  f a c t  exhib i t  lower f r i c t i o n  i n  t h e  (1iO) than 
i n  t h e  (100). 
Data with a diamond pyramid s l i d i n g  on the (100) 
I 
I 
S t a t i c  f r i c t i o n  data  obtained f o r  copper s ing le  c rys t a l s  i n  
contact (Ref. 4) a l so  showed t h e  f r i c t i o n  t o  be lowest i n  t h e  (110) di rec t ion .  
Results with a hemispherical s ty lus ,  (Ref. 2 )  however, showed j u s t  t he  opposite 
r e s u l t ,  t h a t  is lower f r i c t i o n  i n  the  (100) on t h e  (100) plane than i n  t h e  
(110) d i r ec t ion .  The work of R e f .  5 with a hemispherical s t y l u s  has shown 
similar r e s u l t s  f r i c t i o n  i s  lowest i n  the  (100) f o r  other  face  centered cubic 
metals. 
F r i c t ion  i s  determined by two parameters, shear of junctions a t  t h e  I 
i n t e r f ace  and plowing. While plowing may not markedly a f f e c t  f r i c t i o n ,  where I 
t h e  s l i d e r  and t h e  surface upon which it i s  s l i d i n g  are t h e  same material, 
~ 
it may have a marked influence where the s l i d e r  is  very much harder as was 
t h e  case i n  Refs. 2 and 5. The nature of deformation and plowing has been 
examined by t h e  authors of Refs. 2 3  and 24. I n  general, plowing and work 
hardening contr ibute  t o  the observed r e s u l t s .  Thus t h e  e f f e c t  o f  plowing 
10 
I 
may overshadow any a f f e c t s  due t o  differences i n  shear s t rengths  f o r  t h e  two 
d i rec t ions .  
shear e f f e c t s  accounted f o r  only 13 percent of t h e  observed f r i c t i o n  and plow- 
ing  t h e  balance ( R e f .  25). 
For example, with sapphire s l i d i n g  on a copper s ing le  c rys t a l ,  
I 
The reason t h e  authors of Ref. 3 observed f r i c t i o n  results with diamond 
pyramid as predicted from t h e  atomic nature of surfaces  i s  t h a t  t h e  pyramid 
plows with minimum amount of mater ia l  a t - t h e  apex. Thus t h e  plowing e f f e c t  
may not  be marked with t h e  pyramid while with a hemisphere a considerable 
bulge of displaced material may have t o  be plowed ( f r o n t a l  bulge o f  R e f .  24). 
With work-hardening, t h i s  material of fe rs  even g rea t e r  r e s i s t ance  t o  s l id ing .  
Where materials s l ide  on themselves, and consequently plowing is  less of an 
inf luence ( t h a t  of Ref, 4 f o r  copper on copper) as w i l l  be discussed later i n  
reference t o  hexagonal metals, ion ic  and covalent c rys t a l s ,  f r i c t i o n  is  lowest 
i n  t h e  g rea t e s t  atomic dens i ty  (preferred s l i p )  d i rec t ions .  
Body centered cubic s t ruc tures .  - O f  meta l l ic  s t ruc tu res  one which it 
might be an t ic ipa ted  would exh ib i t  t h e  least amount o f  an iso t ropic  behavior 
are t h e  body centered cubic metals. 
body centered cubic metals i s  tungsten (26).  
tungsten on various planes and i n  various d i r ec t ions  with a sapphire s l i d e r  
i n  contact  with a l a rge  grained polycrys ta l l ine  tungsten disk,  t he  o r i en ta t ions  
of  each gra in  known (ref. 6 ) .  
one of' t h e  gra ins  ( (  100) plane) are presented i n  Table 111. 
Further, one of t h e  least an iso t ropic  of 
F r i c t ion  da ta  were obtained f o r  
Fr ic t ion  data obtained i n  th ree  d i r ec t ions  on 
It is  i n t e r e s t -  
i ng  t o  note t h a t  an iso t ropic  f r i c t i o n  behavior e x i s t s  f o r  even the  least an- 
i s o t r o p i c  o f  metals. 
atomic dens i ty  d i r ec t ion  (100) f o r  the (100) face  of t he  body centered cubic 
The coef f ic ien t  of f r i c t i o n  w a s  least i n  t h e  g rea t e s t  
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metal. 
F r i c t ion  is  lowest and hardness grea tes t  i n  t h e  d i r ec t ion  o f  c loses t  packing 
The hardness values of Table I11 indica te  an iso t ropic  hardness behavior. 
of atomic planes. It should be indicated,  however, t h a t  t h e  da ta  of Table I11 
were obtained i n  vacuum and t h e  presence of surface f i l m  with t h e i r  preferred 
a f f i n i t y  f o r  c e r t a i n  atomic sites and planes could reduce observed f r i c t i o n  
values d ispropor t iona l i ty  on various planes and i n  d i f f e r e n t  d i rec t ions .  
Hexagonal s t ruc tures .  - The metal l ic  s t r u c t u r e  which exh ib i t s  t h e  least 
tendency t o  deform p l a s t i c a l l y  i s  t h a t  associated with t h e  hexagonal metals 
having near i d e a l  l a t t i c e  r a t i o s .  
t i a l l y  t o  t h e  l imi t ed  number of s l i p  systems which can operate  i n  t h e  s t ruc -  
This l imi ted  deformabili ty is  due essen- 
t u r e  (see Table I) under an applied s t r e s s .  I n  t h e i r  s ing le  c r y s t a l  form, 
these  metals exh ib i t  very l i t t l e  tendency t o  work harden and have extended 
regions of easy g l ide  where dis locat ions on t h e  b a s a l  s l i p  plane may move 
r e a d i l y  out  of t h e  c rys t a l .  This is i n  cont ras t  t o  t h e  cubic s t ruc tures ,  
such as t h e  face  centered cubic metals, where in t e r sec t ion  of (111) s l i p  
planes produce sessile d is loca t ions  (e.g. Lomer-Cottrell locks)  impeding s l i p  
and increas ing  shear stress (work hardening). Thus, it might be an t ic ipa ted  
t h a t  hekagmal metals with near ideal atomic s tacking would exh ib i t  lower 
sh6ar s t r eng th  under a given stress or  load and, accordingly, f r i c t i o n  would 
be less f o r  t h i s  s t ruc tu re  than f o r  cubic metals. 
The above predict ions based upon atomic s t r u c t u r e  considerations are 
borne o u t  by experimental r e s u l t s .  
less than f o r  cubic metals ( R e f .  27)  and t h e i r  f r i c t i o n  and wear are a l so  
Adhesion of hexagonal metals is  markedly 
markedly less ( R e f s .  7, 9, 25, and 28).  Further,  i n  t h e  process of f r i c t i o n  
welding it has been found extremely d i f f i c u l t  t o  f r i c t i o n  weld hexagonal 
12 
t 
metals (ref. 29).  
c r y s t a l  s t ruc tu re  of  metals influences adhesion, f r i c t i o n  and wear behavior. 
It therefore  can be said w i t h  reasonable ce r t a in ty  t h a t  
I n  cont ras t  t o  the body centered cubic metals such as tungsten, the 
hexagonal metals are extremely anisotropic  i n  t h e i r  various propert ies .  It 
is  reasonable, therefore ,  t o  assume tha t  t h e i r  f r i c t i o n  proper t ies  are a l so  
an iso t ropic  and are dependent upon atomic dens i ty  of planes and d i r ec t ions  
on atomic planes. 
tals i n  Table IV confirm t h e  anisotropic  f r i c t i o n  cha rac t e r i s t i c s  of hexagonal 
metals. 
h i b i t  basal s l i p  pr imari ly  are shown t o  have the lowee tcoe f f i c i en t s  o f  f r i c -  
t i o n  on the basa l  (0001) rather than prismatic ( l O i 0 )  plane. 
beryll ium and rhenium, f r i c t i o n  is lowest i n  the preferred o r  c loses t  pack- 
ing  of  atomic planes d i rec t ion .  Thus the preferred s l i p  plane, the basal 
plane ( g r e a t e s t  atomic densi ty)  exhibits t h e  lowest f r i c t i o n  coef f ic ien t .  
Further  it is lowest over t h a t  plane when s l i d i n g  i n  the preferred (g rea t e s t  
atomic densi ty)  d i rec t ion  (see Table I). 
The data obtained for  various hexagonal metal s ing le  crys- 
The three hexagonal metals, cobalt, beryll ium and rhenium which ex- 
Further,  f o r  
Since the f r i c t i o n  is dependent upon d i r ec t ion  of s l i d i n g  on a plane, 
and on t h e  basal plane, there a r e  three equivalent d i rec t ions ,  it might be 
an t i c ipa t ed  tha t  the f r i c t i o n  coef f ic ien t  should repeat itself wi th  every 
sixty degrees of change i n  d i r ec t ion  on the basa l  plane. The results ob- 
t a ined  with s l i d i n g  on the basal plane of beryll ium confirm t h i s  r e l a t i o n  
(Fig.  3). The f r i c t i o n  coe f f i c i en t  i s  reproduced every s i x t y  degrees 
through a 180 degrees arc; f r i c t i o n  i s  lowest i n  the  (11zO) s l i p  d i rec t ions .  
In  cont ras t  t o  simple mechanical tests f o r  determining the  shear stress 
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associated with various s l i p  systems, with f r i c t i o n  s tud ie s  one of t h e  two 
surfaces i n  contact i s  i n  motion r e l a t i v e  t o  t h e  other .  The r e l a t i v e  or ien ta-  
t i o n  of a crystal lographic  plane with reference t o  t h e  mating surface may be 
extremely important t o  the  observed f r i c t ion .  
plane i n  a metal l i k e  beryllium, changing the  o r i en ta t ion  of t h e  plane with 
respect  t o  t h e  mating surface i s  going t o  change the  shear stresses ac t ing  
on t h e  s l i p  plane. 
namely t h e  normal load applied t o  t h e  specimens i n  contact and t h e  t angen t i a l  
shearing o r  f r i c t i o n  force.  
For example, with t h e  b a s a l  
This r e s u l t s  from t h e  two forces  ac t ing  on t h e  c rys t a l ,  
F r i c t ion  experiments were therefore  conducted with t h e  basal plane of 
t h e  hexkgonal metal beryllium incl ined a t  various angles with respect  t o  the  
mating surface ( R e f .  8) .  The r e s u l t s  presented i n  Fig. 4 show t h a t  t h e  f r i c -  
t i o n  coe f f i c i en t  w a s  g rea t e s t  when s l i l t ing w a s  normal t o  t h e  b a s a l  plane. 
It i s  i n t e r e s t i n g  t o  note t h a t  f r i c t i o n  w a s  not lowest with t h e  b a s a l  plane 
p a r a l l e l  t o  t h e  in t e r f ace  bu t  r a the r  when the  basal plane w a s  inc l ined  i n t o  
t h e  s l i d i n g  d i r ec t ion  a t  an angle of 135' t o  t h e  s l i d i n g  mating surface.  This 
i s  veFy analogous t o  water sk i ing  where m i m i m l  f r i c t i o n  res i s tance  i s  offered 
by  t h e  water t o  t h e  motions of t h e  s k i  when t h e  t i p s  are elevated out  of t h e  
water. 
t r u e  projected contact area f o r  a given load and t h e  normal applied load 
assists i n  apply forces  t o  shear between planes thereby reducing f r i c t i o n  
force.  
of t h e  plane edges t o  t h e  mating surface w i l l  increase f r i c t i o n  i n  the  45' 
case (see Fig. 4 ) .  
The very hard c r y s t a l l i t e  edges of  t he  b a s a l  planes give a smaller 
While t h i s  i n  t r u e  f o r  both the 45O and 1 3 5 O  case, t he  sc iv ing  ac t ion  
The da ta  of Table IV ind ica te  lower f r i c t i o n  on t h e  prismatic ( 1 O i O )  
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plane of t he  metal t i tanium than on t h e  basa l  (0001) plane o r  r e s u l t s  j u s t  
t h e  reverse  of what w a s  obtained f o r  t he  o ther  t h ree  hexagonal metals. I n  
t i tanium t h e  preferred s l i p  plane i s  not t h e  b a s a l  plane (see Table I). The 
prismatic ( l O i O }  planes are of grea te r  atomic dens i ty  and are therefore ,  t he  
prefefred s l i p  planes with pyramidals a lso s l ipp ing  t o  a l e s s e r  degree with 
deformation. 
can operate  i n  t i tanium (see Table I) it might be an t ic ipa ted  t h a t  polycrys- 
t a l l i n e  t i tanium would behave more l i k e  cubic than i d e a l  hexagonal metals 
with respect  t o  f r i c t i o n .  
Because o f  t h e  grea te r  number of possible  s l i p  systems which 
Ionic  Bonding 
Considerable discussion has been devoted t o  meta l l ic  s t ruc tu res  be- 
cause o f  t h e i r  use i n  mechanicalsystemsinvolving f r i c t i o n  and shear. 
There are, however, o ther  types of s t ruc tu res  which a l so  show a dependence 
i n  t h e i r  f r i c t i o n  proper t ies  on or ien ta t ion ,  such as ionic  compounds. The 
ion ic  s t ruc tu res  are produced by combining highly e l ec t ropos i t i ve  meta l l ic  
ions with highly electronegat ive elements such as oxygen and t h e  halogens. 
I n  such s t ruc tu res ,  chemistry is  extremely important and bonds s t rengths  w i l l  
determine many of  t h e  physical propert ies  of such materials. Cohesive energy 
i s  a measure of t h e  bond s t rength  i n  such c rys t a l s .  
Rhombohedral s t ruc ture .  - An ionic  Crystal  s t ruc tu re  o f  considerable 
i n t e r e s t  because of i t s  use i n  mechanical systems i s  aluminum oxide which 
i n  i t s  s ing le  c r y s t a l  form, is  sapphire. Sapphire has been observed t o  
deform p l a s t i c a l l y  i n  s l i d i n g  s tudies  (12) .  
i n  a manner analogous t o  t h a t  f o r  hexagonal metals (30). Its an iso t ropic  
f r i c t i o n  behavior is  demonstrated by t h e  data of  Table V, ( 2 5 ) .  
Under such conditions it behaves 
The f r i c -  
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t i o n  coe f f i c i en t  i s  lowest on t h e  preferred s l i p  plane when s l i d i n g  i n  t h e  
preferred s l i p  d i rec t ion .  These r e s u l t s  are very analogous t o  f r i c t i o n  re -  
s u l t s  obtained with the  hexagonal metals. 
I n  hexagonal metals s ixfo ld  d i r ec t iona l  symetry e x i s t s  on t h e  basa l  plane 
and f r i c t i o n  is  t h e  same i n  a forward or reverse  d i rec t ion .  With a t r i g o n a l  
c rys t a l ,  however, t he re  is  only threefold symetry and f r i c t i o n  w i l l  not be 
t h e  same i n  t h e  forward and reverse direct ion.  It i s  l i k e  t h e  s l i d i n g  of 
cards i n  a deck over one another only with saw t e e t h  between. S l id ing  i s  
easier i n  one d i r ec t ion  than i n  t h e  reverse d i rec t ion .  
Rock sal t  s t ruc ture .  - Those ion ic  c rys t a l s  having a cubic s t ruc tu re  
analogous t o  t h e  s t ruc tu re  o f  sodium chloride are c l a s s i f i e d  as having the  
rock salt s t ruc ture .  The preferred s l i p  plane and d i r ec t ion  i n  these  crys- 
tals is  shown i n  Table I along with some examples. Although t h e  g rea t e s t  
atomic dens i ty  planes i n  the  rock salt  s t ruc tu re  a r e  t h e  (100) t h e  preferred 
s l i p  o r  g l ide  planes are t h e  (110). I n  metals the  g rea t e s t  dens i ty  planes 
are always t h e  s l i p  planes. 
s l i p  on t h e  (110) planes may be associated with ion ic  bonding and e l ec t ro -  
In  rock s a l t  t h e  reason f o r  preferred g l ide  or 
s t a t i c  repuls ion a t  midglide posi t ions on t h e  (100) r e s u l t i n g  i n  la rge  in-  
creases  i n  shear energy with s l i p .  A s  a consequence t h e  shear stress on the 
[loo) i s  four  times t h a t  f o r  t he  (110) i n  N a C l  and s i x  times f o r  LiF a t  100' C 
(ref.  31). F r i c t ion  and deformation s tudies  have been conducted w i t h  various 
c r y s t a l s  of t h i s  type by a number of invest igators .  
of any one compound has probably been done with magnesium oxide (Refs. 11 
The most de t a i l ed  study 
and 18). The most comprehensive f r i c t i o n  measurements on them as a group 
probably i s  t h e  work of Ref. 12. Fr ic t ion  da ta  as w e l l  as other  da ta  f o r  
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I some rock salt  type c r y s t a l s  a r e  presented i n  Table V I .  It is  i n t e r e s t i n g  
t o  compare f r i c t i o n  data f o r  t he  various compounds with various other  proper- 
t ies.  The cohesive energies were taken from Ref. 33. The cohesive energy 
o f  t he  c r y s t a l  determines t h e  atomic bond s t rength.  Modulus of e l a s t i c i t y  
and hardness are r e l a t ed  t o  bond strength.  Data of  Table V I  would tend t o  
support t h a t  they are. Further, e l a s t i c  modulus and hardness are c e r t a i n l y  
r e l a t e d  t o  f r i c t i o n  as indicated.  
hardness and surface energy a r e  a l l  f o r  t h e  (100) plane. 
e l a s t i c  modulus, hardness and surface energy decrease, t he  coe f f i c i en t  of 
f r i c t i o n  increases.  
The d a t a  f o r  f r i c t i o n ,  e l a s t i c  modulus, 
As cohesive energy, 
Covalent S t ruc ture  
Elements c r y s t a l l i z i n g  i n  t h e  diamond s t ruc tu re  are usua l ly  described 
Each atom is as being held together  by highly d i r ec t iona l  covalent bonds. 
t e t r a h e d r a l l y  coordinated by four  l i k e  atoms and t h e  s t ruc tu re  i s  most r ead i ly  
pictured as a s tacking of sheets  composed of continuously l inked "puckered" 
hexagonal r ings  o f  carbon atoms p a r a l l e l  t o  t he  {lll) planes o f  t h e  cubic 
c rys t a l .  The s l i p  planes i n  diamond are  then t h e  (111) and t h e  d i r ec t ion  is  
t h e  (110) (see Table I).  Some elements having t h e  diamond s t ruc tu re  i n  ad- 
d i t i o n  t o  diamond i t s e l f  are s i l i c o n  and germanium. 
Diamond. - Fr ic t ion  da ta  f o r  diamond are presented i n  Table V I 1  on two 
atomic planes t h e  (1OC) and (111) planes together  with e l a s t i c i t y  and sur- 
face  energy f o r  these  two planes. The da ta  ind ica te  t h a t  diamond the  hardest  
of mater ia l s  a l s o  exh ib i t s  anisotropic  propert ies .  
i nd ica t e  t h a t  f r i c t i o n  f o r  diamond is  l o w e s t  on t h e  highest  atomic densi ty  
plane. On t h e  (100) it i s  lowest i n  s l i d ing  i n  t h e  d i r ec t ion  of c loses t  
packing of  atomic planes. 
The data of Table V I 1  
1 7  
R e  crys t a l l i  zat.ion 
Polycrystal l ine materials a r e  aggregates of ind iv idua l  c r y s t a l l i t e s .  The 
gra in  boundaries serve as atomic bridges t o  l i n k  t h e  l a t t i c e  o f  one c r y s t a l -  
l i t e  with t h a t  o f  an adjacent c r y s t a l l i t e .  
adjacent or ien ta t ions ,  t h e  grea te r  w i l l  be t h e  number of atoms serving t o  
The g rea t e r  t h e  mismatch i n  
l i n k  t h e  two or ien ta t ions .  Grain boundaries i n  addi t ion  t o  having Read- 
Shockley d is loca t ion  of t h e i r  own, serve as a b a r r i e r  t o  t h e  motion of d i s -  
loca t ions  of t he  c r y s t a l l i t e s .  Such a s t ruc tu re  could be expected t o  o f f e r  
grea te r  res i s tance  t o  shear and higher f r i c t i o n  coe f f i c i en t s  than s ing le  
c rys t a l s .  
Data obtained f o r  s ing le  and polycrys ta l l ine  copper a t  various loads i n  
s l i d i n g  contact with polycrys ta l l ine  aluminum oxide are presented i n  Fig. 5. 
Aluminum oxide w a s  se lec ted  as a mating surface because adhesion of t h e  copper 
t o  aluminum oxide occurs w i t h  shear subsequently tak ing  place i n  t h e  copper. 
The r e s u l t s  ind ica te  marked differences i n  f r i c t i o n  f o r  the  two forms of 
copper. A s  load is  increased, t h e  in te r face  temperature increases  and re- 
c r y s t a l l i z a t i o n  occurs on t h e  copper surface. This condition represents  
then, an increase i n  f r i c t i o n  for t h e  s ing le  c rys t a l .  Although t h e  surface 
a t  t h e  in t e r f ace  is  textured,  it contains gra in  boundaries which a c t  as 
b a r r i e r s  t o  d i s loca t ion  motion. It represents  a decrease i n  f r i c t i o n  f o r  
t h e  polycrys ta l l ine  metal because r e c r y s t a l l i z a t i o n  is followed by t ex tu r ing  
which reduces shear stress. A t  higher loads the  f r i c t i o n  coe f f i c i en t s  should 
be t h e  same because t h e  i n t e r f a c i a l  surface f i l m s  are t h e  same. 
Order-Disorder 
The arrangement of atoms is not  only important t o  pure metals as d i s -  
b i a  
cussed e a r l i e r  b u t  it is a l s o  important t o  t h e  f r i c t i o n  behavior o f  a l loys .  
It has been found t h a t  c e r t a i n  in te rmeta l l ic  compounds w i l l  exhib i t  d i f f e r e n t  
d i s t r i b u t i o n  of atoms A i n  a l a t t i c e  of B atoms. When A atoms take  up 
regular sites such t h a t  they are uniformly d i s t r ibu ted  throughout t h e  l a t t i c e  
as shown i n  Fig. 6 f o r  (Cu3Au) t h e  s t ruc ture  i s  said t o  be ordered. 
e f f e c t  of t h i s  order ly  arrangement o f  atoms on f r i c t i o n  and two proper t ies  
( e l a s t i c i t y  and hardness) r e l a t ed  t o  f r i c t ion ,  are shown i n  Fig. 7. Fr ic -  
t i o n  is  lowest when the  a l l o y  is i n  t h e  ordered state. Transformation t o  
t h e  disordered atomic state r e s u l t s  i n  a decrease i n  hardness, e l a s t i c i t y  
and an increase i n  f r i c t i o n  coef f ic ien t .  
The 
SUPPI;EMET\TTAL DISCUSSION 
Anisotropic f r i c t i o n  proper t ies  might normally be expected t o  be such 
t h a t  those atomic planes and d i rec t ions  of  planes exhib i t ing  t h e  highest  
hardness, g rea t e s t  e l a s t i c  modulus and lowest surface energy would exh ib i t  
t h e  lowest coe f f i c i en t s  of f r i c t i o n .  Some da ta  i n  t h e  l i t e r a t u r e  substan- 
t i a t e  t h i s  t hes i s .  Other r e s u l t s  a re ,  however, i n  c o n f l i c t  with t h i s  concept. 
Where d i f fe rences  exist ,  analysis  of  data presented ind ica t e  t h a t  severe 
p l a s t i c  deformation has r e su l t ed  i n  plowing of t h e  c r y s t a l  surface.  
tuna te ly ,  many inves t iga tors  have adapted a specimen configuration and mater- 
i a l  combination conducive t o  plowing. Since f r i c t i o n  is  t h e  sum of plowing 
and shear  components, shear e f f e c t s  may be masked by severe plowing e f f e c t s  
thereby a l t e r i n g  any simple r e l a t i o n s  which may be found between f r i c t i o n  
and t h e  atomic nature  of surfaces.  T h i s  is t r u e  because, with severe plow- 
ing, f r i c t i o n  is  no longer a simple function of t h e  atomic nature  of t h e  sur- 
face  b u t  r a the r  i s  dependent upon many subsurface e f f ec t s .  
Unfor- 
The ana lys i s  of 
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resolved shearing s t r e s s  and which planes are cont r ibu t ing  t o  t h e  deformation 
and work-hardening of plowed mater ia l  becomes qu i t e  involved. 
these  conditions e x i s t  is  wel l  substant ia ted.  
The f a c t  t h a t  
I n  contrast ,  however, i f  t h e  specimen configuration and material combin- 
a t i o n  are such as t o  emphasize t h e  shear r a the r  than the  plowing component 
of f r i c t i o n ,  a simple cor re la t ion  between atomic planes, d i rec t ions ,  mechan- 
i c a l  p roper t ies  (e .g .  hardness, e l a s t i c  modulus) and f r i c t i o n  can be drawn. 
Thus, f o r  example, i n  f r i c t i o n  experiments i n  vacuum with hexagonal metals o r  
inorganic c r y s t a l s  s l i d i n g  on themselves, t h e  plowing component of f r i c t i o n  
becomes less important and with adhesion shear a t  t h e  in t e r f ace  becomes t h e  
prime f r i c t i o n  determinant. 
When a specimen configuration i s  chosen which emphasizes t h e  plowing 
e f f e c t ,  t h e  real s ignif icance o f  t h e  atomic plane and d i r ec t ion  i s  somewhat 
l o s t  because of t he  marked influence of t h e  o r i en ta t ion  of so many o ther  
planes i n  t h e  c r y s t a l  on f r i c t i o n .  
f o r  t h e  same o r i en ta t ions  o f  t he  same c r y s t a l s  i n  t h e  l i t e r a t u r e  can be 
a t t r i b u t e d  t o  whether t h e  inves t iga tor  is  measuring shear or plowing. With 
b r i t t l e  inorganic c rys t a l s ,  t h e  problem i s  not qu i t e  so severe as with pure 
s o f t  metals such as copper as can be seen from t h e  data presented. 
example, on t h e  (100) of magnesium oxide, l i thium f luo r ide  and diamond f r i c -  
t i o n  i s  lowest i n  t h e  preferred (110) s l i p  d i r ec t ion  and g rea t e s t  i n  t h e  
(100) d i r ec t ion  (ref.  18). 
a annealed pure copper c rys t a l .  It is d i f f i c u l t ,  therefore ,  t o  envision t h a t  
a diamond photograph needle under even t h e  l i g h t e s t  o f  loads i s  going t o  have 
anything bu t  plowing as i t s  pr inc ipa l  r e s i s t ance  t o  motion on t h e  metal 
c r y s t a l .  
Thus t h e  d i f fe rence  i n  f r i c t i o n  behavior 
For 
A face tissue i s  s u f f i c i e n t ,  however, t o  sc ra tch  
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Regarding surface energy considerations and t h e i r  possible  r e l a t i o n  t o  
f r i c t i o n ,  it might normally be ant ic ipated t h a t  t h e  lowest energy planes i n  
c r y s t a l s  would exh ib i t  t h e  lowest f r i c t i o n  coef f ic ien ts .  While t h i s  condition 
may e x i s t  whenever minimal adhesion occurs across  an in t e r f ace  as with basal 
planes o f  aluminum oxide ( l aye r  o f  oxygen atoms fac ing  a layer  of oxygen 
atoms across  t h e  in t e r f ace )  it may not i n  metals. I n  metals where marked 
adhesion can occur f o r  clean surfaces,  a new energy is  created,  namely t h e  
energy of t h e  in te r face .  The difference between t h i s  energy and t h a t  o f  t he  
two c r y s t a l s  i n  contact can be considered similar t o  t h a t  o f  two c r y s t a l l i t e s  
and an included gra in  boundary. Further measurements of t h e  surface energy 
of s o l i d s  i s  d i f f i c u l t  and therefore  r e l i a b l e  data are hard t o  obtain.  There- 
fo re  it would be d i f f i c u l t  t o  e s t a b l i s h  fundamental r e l a t i o n s  between f r i c -  
t i o n  and surface energy u n t i l  more da ta  i s  avai lable .  
CONCLUDING REMARKS 
The f r i c t i o n  data presented f o r  various s t ruc tu res  of metal l ic ,  ion ic  
and covalent c r y s t a l s  a t  loads, speeds and temperature not conducive t o  
t ex tu r ing  o r  r e c r y s t a l l i z a t i o n  ind ica te  t h a t :  
1. The f r i c t i o n  coe f f i c i en t s  f o r  metals i n  s l i d i n g  contact with metals 
are lowest on t h e  preferred s l i p  o r  gl ide planes when s l i d i n g  i n  t h e  pre- 
f e r r e d  s l i p  d i rec t ion .  For metals these planes and d i r ec t ions  represent  t h e  
g r e a t e s t  atomic dens i ty  planes and d i rec t ions  of c loses t  atomic packing on 
a plane. 
2. The covalent c r y s t a l  diamond appear t o  exh ib i t  s imi la r  f r i c t i o n  be- 
havior t o  metals. F r i c t i o n  is  lcwest on the  preffered ( g r e a t e s t  atomic 
atomic dens i ty)  plane. 
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3. With ion ic  c rys t a l s  (such as A1203) t h e  f r i c t i o n  coef f ic ien t  i s  a l so  
lowest on the  preferred s l i p  plane (grea tes t  atomic densi ty)  when s l i d i n g  
i n  the  preferred s l i p  d i rec t ion .  The rock sal t  s t ruc tu res  because of  t h e  
nature  of t he  ion ic  bonding across  s l i p  planes have t h e  (110) as t h e  preferred 
s l i p  planes r a the r  than the  grea te r  atomic dens i ty  (100). 
therefore  be expected t o  be lowest on the { l l O )  because of a lower shear 
s t rength  . 
The f r i c t i o n  would 
4. When specimen configuration is  such as t o  contr ibute  t o  t h e  marked 
plowing of  surfaces  r a the r  than pr inc ipa l ly  shear f o r  f r i c t i o n  force measure- 
ments i n  var ious crystal lographic  direct ions,  f r i c t i o n  may not be t h e  lowest 
i n  t h e  g rea t e s t  atomic densi ty  d i rec t ion  of a plane because of t h e  marked 
influence of subsurface e f f ec t s .  
5. The presence of grain boundaries i n  c r y s t a l l i n e  mater ia ls  influence 
t h e  coe f f i c i en t  of f r i c t i o n .  
6. Ordering of  atoms i n  in te rmeta l l ic  s t ruc tu res  r e s u l t s  i n  a reduction 
i n  t h e i r  f r i c t i o n .  
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Rock salt 
(cubic) 
rhombohedr a1 
25 
(110) (iig) 1 2  M g O ,  LiF, NaC1, KBr I 
(0001) (1120) 3 A1203( sapphire) 
TABLE I. - PRIMARY SLIP SYSTEMS ASSOCIATED WITH 
E las t i c  
modulus, 
1011 dynes 
sq cm 
6.67 
13.1 
19 .4  
22 
VARIOUS CRYSTALLINE MATERIALS 
Metall ic Structure I 
Surface Coefficient 
energy, of  f r i c t ion"  
ergs .  
sq cm A i r  
760 Torr 10-11 Torr 
2892 0.60 > 4 0  ---- .40 > 40 
2499 . 2 1  21 .0  
7 20 --- 
I-= s t ruc ture  
Face centerec 
Body centerec 
cubic 
cubic 
Close packed 
hexagonal 
basa l  s l i p  
prismatic 
pyramidal 
and 
~~~ 
S l i p  
l i r ec t ion  
(iio) 
(in) 
(in) 
(iii) 
(11ZO) 
(1150) 
(llZ0) 
Yumber 
of 
; ystem: 
1 2  
12 
1 2  
2 4  
3 
3 
6 
Ionic  Structure 
Examples 
Cu, N i ,  A I ,  Ag, Au 
a Fe, W, Mo 
Co, Be, Re, Cd, Zn, 
La 
T i ,  Zr, H f  
I 
TABU 11. - PROPERTIES OF THE FACE CENTERED CUBIC METAL COPPER 
Crystal lo  - Atomic 
graphic density,  
atom 
un i t  
area 
-plane 
( 100) 0.1527 
(110) .lo80 
(111) ,1722 
Reference ca lc  
Spacing 
betweer! 
planes, 
A0 
1 . 2 8  
1.80: 
2.08 
ca lc  
1 
a 50 Gms load, 0.001 cm/sec, 20° C, mating surface same as  r i d e r  
(plane and d i rec t ion) .  
26 
Metal 
TABLE 111. - PROPERTIES OF THE BODY 
CENTERED CUBIC METAL TUNGSTEN 
Atomic 
p lane  hardness 
(100) 1 420 
Coef f i c i en t  I 
o f  f r i c t i o n “ ,  
Torr  
0.70 
.98 
1.23 
Sapphire  r i d e r ,  500 Gms load, 0.013- 
cm/sec, 20’ C. 
a 
TABU IV. - COEFFICIENT OF FRICTION FOR HEXAGONAL METALS 
Cobalt  
Berylliun 
Rhenium 
Titanium 
Coef f i c i en t  o f  f r i c t i o n ”  
(0001) 
Atomic p lane  
(1150) 
l i r e c t  ion  
0.38 
.48 
.28 
.56 
( ioio ) 
Atomic p lane  
(ioio) 
X r e c t i o n  
---- 
0.51 
.38 
---- 
(1150) 
Direc t ion  
0.80 
---- 
.50 
.36 
(0001) 
l i rect  ion 
0.70 
.80 
---- 
Reference 
28 
8 
9 
10 
a 10’’ - lo-’’ Torr,  250 Gms load, 20’ C y  0.001 - 2 cm/sec 
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Crys ta l  
TABLE V. - PROPERTIES OF THE 
I O N I C  STRUCTURE ALUMINUM OXIDE 
Plane 
(0001) 
( io io )  
IDirection 
(1170) 
( ioio) 
(1120) 
Coeficient of 
f r i c t i o n "  
.96 
.93 
1 (0001) 1 1.00 I 
Load 1000 gms, 0.013 cm/sec, 
20' C (ref. 25). 
a 
TABU V I .  - PROPERTIES OF I O N I C  BONDED CRYSTALS WITH 
ROCK SALT STRUC!I'URE 
Mgo 
LiF 
KC1 
N a C l  
KBr 
Co he s ive 
energy, 
k c a l  
mole 
-
940.1 
240.1 
164.4 
153.1 
140.8 
Leferences 33 
E l a s  t i c  
modulus, 
dyneE 
sq cm 
( 100) 
24.5 
7.35 
4.80 
4.37 
3.70 
22 
Relative 
hardness, 
sq mm 
kg 
400( 100) 
700( 110) 
100 
18 
17 
7 
20 
Surface 
energy, 
e rgs  
sq cm 
~ 
1310 
37 4 
318 
310 
306 ' 
22 
Coefficient 
of 
f r ic t ion" ,  
(100) ( 110) 
0.07 
.24 
.71 
0.47 - 0.70 
.85 
5 
a 5 gms load, 0.02 - 0.04 cm/sec, diamond 12.7 micron rad ius  
slider, 760 Torr. 
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TABLE V I I .  - THE PROPERTIES OF THE COVALENT STRUCTURE DIAMOND 
Atomic 
plane 
a( 111) 
References 
Direction 
e---- 
loung ' s modulus, 
1011 dynes 
sq cm 
105.0 
120.0 
22 
Surface 
energy, 
e rgs  
sq cm 
7050 
3500 
22 
zoef f ic ien t  o f  f r i c t i o n ,  
760 Torr  
0.15 
.05 
.05 
16  and 18 
Torr  
a Direction on t h e  (111) appears t o  have no e f f e c t  on f r i c t i o n .  
,CllOI 
(1111 Clool 
( 110) 
Face centered cube Body centered cube C lose-packed hexagon 
Figure 1. - Crystal structures with various planes and directions. 
Motor 
Machine-screw device- 
Strain-gage assembly 
Dr ive shaf l  
Electron gun equipmentJ 
*Sorption forepumping R 
1 To ion  pump CD-8098 
Figure 2. - Vacuum fr ict ion apparatus. 
Figure 3. - Coefficient of friction for single-crystal beryl l ium rider slid- 
ing  o n  polycrystalline disk with basal plane of r ider in various crystallo- 
graphic directions. Load, 250 grams; sliding velocity, 0.013 centimeter 
per second; ambient pressure, mill imeter of mercury; no external 
heating of specimens (ref. 8). 
Figure 4. - Coefficient of friction for single-crystal beryl l ium sliding o n  
polycrystalline beryl l ium in  vacuum with various basal-plane orientations 
wi th respect to sliding interface. Load, 250 gra s; sl iding velocity, 0.013 
centimeter per second; ambient pressure, 10-lSITorr; no external heating 
of specimens (ref. 8). 
d+ 
r i  
CO 
M 
I w 
Load, 9 
Figure 5. - Coefficient of friction for single-crystal and 
polycrystalline copper liding on polycrystalline aluminum 
oxide i n  vacuum (10- torr). Copper oriented with (111) 
plane parallel to sliding interface; sliding velocity, 
0.001 centimeter per second; no external specimen heating. 
If 
rg O A U  0 c u  
0 
Figure 6. -The CujAu superlattice 
structure. 
Temperature, " C  
I I I 1 I I I I I I I 1 I 
0 m 400 Mx) 8Ml loo0 12M) 
Temperature, "F 
Figure 7. - Hardness, Young's modulus, and  coefficient of f r i c t i on  for 
CujAu (75 atomic percent copper - 25 atomic percent gold) s l id ing on 
440-C stainless steel at var ious temperatures. Load, loo0 grams; 
ambient pressure, Torr (ref. 31). 
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